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INTRODUCTION
Biomineralization, the processes by which organisms form minerals, is widespread, with more than 60 biologically formed minerals identified (Bäuerlein 2000; Weiner and Dove 2003) . The synthesis of minerals by bacteria has been classified ac cording to the degree of control over the mineralization process, namely those that are formed passively or actively (Lowenstam 1981; Lowenstam and Weiner 1989) .
Biologically Induced Mineralization
Minerals precipitated passively by bacteria through BIM pro cesses generally form as a by-product of cell surface charge and/or metabolic activity. In the former case, because of their high surface to volume ratios, and the presence of functional groups on their cell walls and extracellular layers that tend to deprotonate at circumneutral pH, bacteria can be viewed of as negatively-charged particles that interact electrostatically with dissolved cations. Once bound, those cations may contribute to a localized state of supersaturation, a condition that must be initi ated and maintained for mineralization to occur (Fowle and Fein 2001) . Sorption also helps to stabilize the surfaces of nascent mineral particles, decreasing the free energy barrier for criti cal, crystal-nucleus formation. By this means, the rate of min eralization of amorphous (poorly ordered) to weakly crystalline mineral particles may be several orders of magnitude faster than that of inorganic mineralization processes in the bulk aqueous milieu.
The metabolic activity of some cells also induces mineral ization through the release of metabolites into the surrounding solution . These, in turn, react with specific ions or compounds, either in solution or already sorbed to the cell surface, resulting in the formation of mineral parti cles that are external to, or on, the surface of the cell (Konhauser 1998 ). BIM appears to be particularly significant for bacteria in anaerobic habitats or at oxic-anoxic interfaces . Under anaerobic conditions, many bacteria respire with various metals (e.g., Fe(III)) and sulfate (SO 4 2− ) as terminal electron acceptors. The metabolic products of these reductions, Fe(II) and H 2 S, are reactive and participate in sub sequent mineral formation. At oxic-anoxic interfaces, the ox idation of reduced metals and sulfur compounds by both bio logical and chemical (abiological) means, may also contribute to BIM.
The composition and properties of minerals formed through BIM depend strongly on environmental conditions (e.g., pH, pO 2 , pCO 2 , Eh, temperature) (e.g., Bell et al. 1987) and are generally indistinguishable from minerals formed inorganically under the same chemical conditions; that is, the precipitated min erals that form are generally characterized by poor crystallinity, broad particle-size distributions, and lack of specific crystal mor phologies . In addition, the lack of control over mineral formation often results in poor mineral specificity (mixed mineral compositions) and/or the inclusion of impurities in the mineral lattice. In certain situations, metabolic products diffuse away and minerals may precipitate far from the cells that produced the reactants.
Biologically Controlled Mineralization
What makes biologically controlled biomineralization dif ferent from the processes discussed above is that the microbe exerts considerable active control over all aspects of the nucle ation and mineral growth stages (Mann 1988) . Initially, a specific site within the cytoplasm or on the cell wall is sealed off from the external environment, creating geochemical conditions inde pendent from the bulk solution. Two common methods of space delineation can occur. The first involves the development of in tercellular spaces between cells. The second is the formation of intracellular deposition vesicles.
Once the organic matrix is formed, the next step entails the cells sequestering specific ions of choice and transferring them to the isolated compartments where their concentrations are increased until a state of supersaturation is achieved. Lev els of supersaturation are regulated by managing the rate at which mineral constituents are provided to the compartment via specific transport enzymes. Nucleation is controlled by ex posing ligands with distinct stereochemical and electrochemi cal properties tailored to interact with specific hydrated ions. Moreover, the organic functional groups act a surrogate oxyan ions that simulate the first layer of the incipient nuclei . The crystals then grow in a highly ordered man ner, having their orientation, morphology and size governed by the overall ultrastructure of the membrane-bound compartment. Consequently, minerals produced by BCM are characterized by well-ordered crystals with a relatively narrow size distribution and specific, consistent morphologies .
Given the specificity of the mineral product, it is likely that the precipitation process is under genetic control. Although, in the case of the magnetotactic bacteria, the actual genes respon sible for the biomineralization process are not presently known, several genes are clearly involved in the construction of the mag netosome chain (Komeili et al. 2006; Scheffel et al. 2006) , while others appear to encode for proteins that bind iron and that might affect the morphology of magnetite crystals formed in their pres ence (Arakaki et al. 2003) .
For eukaryotes, such as diatoms and coccolithophores, the biomineral functions as an external skeleton that affords protec tion to the cell. For bacteria, the BCM process is best described in terms of the magnetotactic bacteria that form intracellular grains of pure magnetite.
MAGNETITE FORMATION
A great deal of research has focused on the potential for bac teria to contribute to the stable remnant magnetism in modern soils and sediments, and whether a biogenic magnetite compo nent exists in the ancient geomagnetic record (e.g., Kirschvink 1982) . This interest has arisen due to the recognition that a num ber of bacteria biomineralize magnetite crystals that are singlemagnetic domains (SD), i.e., grains with a high natural magnetic remanence. Magnetite is known to be biomineralized through both BIM and BCM.
BIM Magnetite via Fe(III) Reduction
Dissimilatory Fe(III)-reducers, such as Geobacter metallire ducens and Shewanella putrefaciens, are the most extensively studied bacterial species that produce crystals of magnetite as a by-product of their metabolism when grown in culture. These members of the Proteobacteria oxidize fermentation products and anaerobically reduce Fe(III) in poorly crystalline ferric oxyhydroxides as a terminal electron acceptor. In addition, a vast number of other Fe(III)-reducing bacteria, including ther mophilic species, form magnetite (e.g., Slobodkin et al. 1997 Slobodkin et al. , 1999 Zhang et al. 1997 Zhang et al. , 1998 Roh et al. 2002) in culture. In all cases, the crystals formed are clearly epicellular and are not aligned in chains (e.g., Lovley et al. 1987; Moskowitz et al. 1989; Sparks et al. 1990) (Figure 1 ). Some other characteristic features of these magnetite grains are poor crystallinity, nonuni form shapes, and grain sizes ranging from 10-50 nm ( Figure  1 ). Most grains are usually found at the lower end of this size range, which means that they are superparamagnetic (they do not display a remanent magnetization at ambient temperature), as a diameter >30 nm is required for permanent, single-magnetic domain behavior. However, temperature may be an important factor that affects the size of magnetite grains produced through BIM in that Zhang et al. (1998) found that the major portion of the particles produced by a thermophilic Fe(III)-reducer were SD grains.
Magnetic analyses indicate that about 96% of the magnetite particles produced in culture by Geobacter metallireducens are superparamagnetic (Moskowitz et al. 1989) . Not surprisingly, cells of Geobacter or Shewanella in wet mounts do not orient in response to an applied magnetic field. Despite this low percent age of single-domain magnetite, Geobacter and other Fe(III) reducing bacteria might still be a major contributor to the SD fraction because on a per-cell basis, under the proper conditions, they could theoretically generate some 5,000 times more mag netite than a magnetotactic bacterium. The amount of magnetite produced is primarily limited by the amount of Fe(III) present in the culture that is available for reduction by cells (Frankel 1987) . Culture conditions may also play a role in the size and the degree of crystallinity of magnetite grains produced by Fe(III)-reducing bacteria. For example, under CO 2 -rich culture conditions, cells of G. metallireducens are known to produce mainly superpara magnetic grains of magnetite as described above (Moskowitz et al. 1989) . In a recent study, cells of this species were found to produce a unique form of tabular, SD-grained of magnetite in cultures that were low in CO 2 . These grains have a distinct crystal habit and magnetic properties and, like some other forms of magnetite, could be used as a biosignature for ancient biological activities in terrestrial and extraterrestrial environments and also may be a major carrier of the magnetiza tion in natural sediments.
The actual role that Fe(III)-reducing bacteria play in mag netite formation in natural environments remains unresolved. On the face of it, the inorganic reaction of Fe(II) (produced dur ing Fe(III) reduction) with the remaining ferric hydroxide should be sufficient to precipitate magnetite. Early experimental studies without bacteria showed that magnetite did not form even under what was thought to be appropriate chemical conditions (Lov ley 1990) . Furthermore, magnetite did not form if cultures were incubated at temperatures too high for growth, if the inoculated medium was sterilized prior to incubation or if nongrowing cells were added to the experimental solution.
However, Hansel et al. (2003) showed that, in fact, mag netite can be abiotically formed (without cells) through the re action of Fe(II) with ferrihydrite at circumneutral pH. The ma jor difference between this work and that of Lovley (1990) is that mM levels of inorganic phosphate were present in the cul ture medium of Lovley (1990) . Inorganic phosphate is known to adsorb strongly to ferrihydrite probably inhibiting the conver sion of ferrihydrite to magnetite. A Pipes buffer system was used in the abiotic experiments described by Hansel (2003) and inorganic phosphate was absent. Because most natural, aquatic systems do not contain high levels of inorganic phos phate, the experiments and results of Hansel et al. (2003) might be more important with regard to magnetite precipitation via Fe(III) reduction in natural environments. However, it is also ar guable whether the presence of organic buffers such as Pipes represent a situation that can be extrapolated to many envi ronmental conditions where fine-grained magnetite has been found.
Given the discussion in the previous paragraph, the metabolism of the Fe(III)-reducing bacteria must contribute more than just Fe(II) to magnetite biomineralization in solu tions containing high levels of inorganic phosphate typical of bacterial growth media. One possibility is that magnetite for mation is favored by high pH; a condition met during Fe(III) reduction [reaction 1]. The Fe(II) that forms then adsorbs onto other ferric hydroxide grains, where it is transformed into mag netite [reaction 2]. Perhaps then the appropriate combination of a high Fe(II) concentration and high pH at the contact of the Fe(III) solid provides an ideal interface for secondary magnetite formation (Lovley 1990) .
More recently, magnetite has also been shown to form by mi crobial reduction of lepidocrocite (γ -FeOOH), a polymorph of goethite (Cooper et al. 2000) . In this case, the actual step in mag netite formation proceeds inorganically via a ferrous hydroxide
Recent studies have now additionally shown that microbially in duced magnetite formation does not strictly require the activity of Fe(III)-reducing bacteria. In experiments where Fe(II) was added to cultures of Dechlorosoma suillum, with nitrate as the terminal electron acceptor, the bacteria induced the precipitation of a greenish-gray, mixed Fe(II)-Fe(III) hydroxide, known as green rust. This mineral is generally unstable in the environment, and further oxidation led to the formation of magnetite within just 2 weeks (Chaudhuri et al. 2001) . Meanwhile, other experi mental studies have documented magnetite formation in associ ation with suspended cultures of phototrophic Fe(II)-oxidizing bacteria, through the reaction of Fe(II) with biogenic ferric hy droxide precipitates (Jiao et al. 2005) .
In modern marine and freshwater sediments, much of the magnetite forms in the suboxic layers where Fe(III) reduction takes place (e.g., Karlin et al. 1987) . It has been found associ ated with gas seeps and solid bitumen as well, where its forma tion appears to be linked to the reduction of ferric oxyhydrox ides and microbial hydrocarbon biodegradation (e.g., McCabe et al. 1987) . This process is supported by experimental findings of magnetite accumulation during toluene oxidation coupled to Fe(III)-reduction by G. metallireducens (Lovley and Lonergan 1990) .
Similar processes likely played a role in the geological past. For instance, the presence of diagentic magnetite in Precambrian banded iron formations, including (1) magnetite overgrowths on hematite, (2) laminated magnetite beds that clearly truncate sedimentary layering, and (3) cleavage fills (Ewers and Morris 1981; Krapež et al. 2003) point to the secondary nature of the magnetite. As described above, some of this magnetite could be formed through an inorganic reaction of Fe(II) with Fe(OH) 3 , or alternatively, through the partial oxidation of primary siderite [reaction 4]. However, the capacity of extant hyperthermophilic Bacteria and Archaea (that branch deeply in the universal phylo genetic tree) to reduce Fe(III) (Vargas et al. 1998) , and the recent observations of highly negative δ 56 Fe values in magnetite-rich BIF samples as old as 2.9 Ga (Johnson et al. 2003; Yamaguchi et al. 2005) , with comparable negative fractionations as observed in experimental culture with dissimilatory Fe(III)-reducing bac teria , point towards the antiquity of such an anaerobic respiratory pathway in shaping the mineralogical component of the Fe-rich marine sediments. Significantly, cou pling the reduction of Fe(III) minerals to the oxidation of organic matter not only explains the low content of organic carbon in the BIFs (Walker 1984) , but it also explains the abundance of light carbon isotopic signatures associated with the interlayered carbonate minerals (Walker 1984; Baur et al. 1985) .
BCM Magnetite by Magnetotactic Bacteria Magnetotactic bacteria are a diverse group of mainly aquatic, Gram-negative bacteria that align and swim along geomagnetic field lines, a phenomenon referred to as magnetotaxis (Blake more 1975 (Blake more , 1982 . These bacteria biomineralize intracellular, membrane-bounded crystals of magnetite and/or the iron sulfide greigite (Fe 3 S 4 ) called magnetosomes. These structures appear to be anchored to the cell membrane, and are usually aligned in a chain or chains (Figure 2 ).
Magnetotactic bacteria have been recovered from freshwater swamps and ponds, river sediment, anoxic freshwater sediment, soils, marine salt marshes and estuaries, evaporates, marine wa ters and sediment (Bazylinski and Moskowitz 1997) . They are most abundant at oxic-anoxic interfaces, which in most sed iments, occurs at or just below the sediment-water interface. In euxinic basins it occurs at some depth in the water col umn. All are chemoheterotrophic and some are facultatively chemolithoautotrophic Williams et al. 2006) , with oxygen their usual terminal electron acceptor, al though cells such as Magnetospirillum magnetotacticum strain MS-1 produce more magnetite when grown with nitrate (NO − 3 ), but they still require at least 1% O 2 for magnetite synthesis (Blakemore et al. 1985) . Other magnetotactic bacteria can use NO − or nitrous oxide (N 2 O) anaerobically and produce mag 3 netite without molecular O 2 and there is some evidence that some may be able to use Fe(III) (Short and Blakemore 1986) . Unlike the magnetite produced passively, the crystals in mag netotactic bacteria are of high chemically purity . The crystal habits of the magnetite crystals are also consistent within a given species or strain (Figure 2) , al though subtle variations of shape and size has been observed within cells of the same species grown under different condi tions . While some magnetotactic bacteria produce equidimensional crystal shapes where all symmetryrelated crystal faces develop equally, several nonequidi mensional shapes have been described in other species or strains; although both equidimensional and nonequidimensional magnetite crystals have the same face-centered cubic crystal structure.
Magnetosome magnetite crystals typically have crystal size distributions which peak in the 35 to 120 nm size range . Crystals of magnetite (and greigite) in this size range are permanent, single-magnetic do mains at ambient temperature (Butler and Banerjee 1975) . Smaller crystals are superparamagnetic whereas larger crystals are metastable SD or support formation of domain walls. There fore, SD crystals have the largest possible remnant magnetiza tion. Magnetotactic interactions between the SD magnetosomes organized in a chain cause the individual grain moments to ori ent parallel to each other along the chain direction. Thus the chain has a permanent magnetic dipole approximately equal in magnitude to the sum of the individual magnetosome magnetic moments.
By producing SD particles, the bacterium has maximized the remanent magnetic moment of the individual grains, and by ar ranging the grains in chains, it has also maximized the magnetic moment of the cell for the number and size of magnetosomes produced (Bazylinski and Frankel 2004) . The permanent mag netic dipole moment of the cell is generally robust enough so that its interaction with the geomagnetic field overcomes the thermal forces tending to randomize the orientation of the mag netic dipole in its aqueous surroundings (Frankel 1984) . Since the dipole is fixed in the cell, orientation of the dipole results in orientation of the cell. Magnetotaxis results as the oriented cell swims along magnetic field lines (Frankel et al. 1997) .
How magnetotactic bacteria biomineralize magnetosomes is not fully resolved, but it clearly involves considerable energy expenditure by the cells that form it since they can take up enough iron to make up >3% of their mass as iron (dry cell FIG. 3 . Possible mechanisms by which magnetotactic bacteria form intracel lular magnetite. There are a number of steps involved, including (1) sequestra tion of Fe(III) from the aqueous environment via siderophores; (2) siderophore attachment to a receptor site on the outer membrane; (3) transport of the siderophore through the outer membrane to the plasma membrane, where Fe(III) is reduced to Fe(II); (4) transport of Fe(II) to pre-formed magnetosome; and (5) initial precipitation of ferric hydroxide within the magnetosome, followed by transformation to magnetite. The size of siderophore is not to scale. From Kon hauser (2007). Reproduced with permission from Blackwell Publishing. weight basis) (Blakemore 1982 ; D. Schüler personal commu nication). Magnetite synthesis involves a series of geochemical steps that begins with the uptake of iron from the surrounding en vironment (Figure 3 ). Bacteria commonly rely on iron chelators such as siderophores to facilitate the solubilization and trans port of ferric iron to the cell. Once a specific siderophore has sequestered iron, it then needs to be absorbed by a cell that requires it. This is accomplished by cell synthesis of specific receptor proteins designed first to recognize the Fe(III)-siderophore com plex and then, with the aid of other transport proteins, guide the coordinated iron to the plasma membrane or directly into the cytoplasm (Neilands 1989) . The Fe(III) is then reduced to Fe(II) by either the siderophore itself or by a Fe(III)-reductase, and shuttled in some form into the cell and then through the cyto plasm into what many consider to be a magnetosome membrane vesicle. However, results from Komeili et al. (2006) suggest that the magnetosome membrane structures are not vesicles at all and are actually permanent invaginations of the cell membrane.
Regardless of whether these structures are truly vesicles or not, the magnetosome membrane in Magnetospirillum mag neticum strain AMB-1 clearly results from an invagination of the cell membrane and it appears to be preformed prior to the mineralization of magnetite (Komeili et al. 2004 (Komeili et al. , 2006 . Empty or partially empty magnetosome "vesicles" have been observed in iron-starved cells, and recent molecular work has shown that the specific magnetosome-associated protein MamA is required for activation of the formation of the magnetosome membrane structures prior to biomineralization (Komeili et al. 2004) , al though the precise role of MamA and most other magnetosome associated proteins in magnetosome synthesis is unknown. In the magnetosome "vesicle," Fe(II) is then presumably re-oxidized into ferric hydroxide (perhaps with O 2 as the ultimate electron acceptor), a mineral previously observed intracellularly in mag netotactic bacteria (Frankel et al. 1983) . The actual crystalliza tion of magnetite then involves the reaction of the ferric hydrox ide with excess dissolved Fe(II) [reaction 5].
It should be noted however that Schüler and Baeuerlein (1998) showed that, in Magnetospirillum gryphiswaldense, Fe(III) is taken up and rapidly converted to Fe 3 O 4 without delay, indicating that no significant accumulation of an Fe 3 O 4 precur sor occurs inside the cell, at least under the microaerobic con ditions of the experiment, which were apparently optimal for Fe 3 O 4 production by M. gryphiswaldense.
The subsequent adsorption of Fe(II) ions on the solid ferric iron surface has been suggested as the possible trigger for mag netite formation, with the solid-state rearrangement shown as a growing crystal front of magnetite extending into the amor phous iron oxide (Mann et al. 1984) . This mineralization sce nario is in part borne out by the observations that some bacteria capable of dissimilatory Fe(III)-reduction (e.g., Shewanella pu trefaciens) under anaerobic conditions produce a large number of small (30-50 nm in diameter), intracellular grains of fer ric hydroxide that are partially composed of small amounts of magnetite and/or maghemite (γ -Fe 2 O 3 ) that appear to be sur rounded by a membrane or membrane-like structure (Figure 4 ) (Glasauer et al. 2002) . This latter case appears to be an exam ple of biomineralization that is intermediate between BIM and BCM as the mineral grains have qualities of minerals produced by both processes.
To complicate matters, the precipitation process requires val ues of Eh and pH for which magnetite is the stable iron oxide mineral. This implies that the magnetosome membrane controls the chemical conditions in the "vesicle," as well as controlling magnetite morphology and size (Gorby et al. 1988 ).
Magnetite in Eukaryotic Microbes
A number of diverse protists from coastal areas have been found to contain what clearly seem to be BCM-type magnetite grains (Torres de Araujo et al. 1986; . Although the origin of the magnetite is presently not known, two possibilities can be considered. The first is that these or ganisms may be consuming magnetotactic bacteria and some how incorporating the cells and/or magnetosomes within them selves. One type, a biflagellate common to coastal sites in New England, sometimes contains large, dark-orange, spherical in clusions within the cells that are extruded from the cell with out apparent detriment to the cell . The   FIG. 4 . TEM of a cell of Shewanella putrefaciens grown anaerobically in an H 2 /Ar atmosphere with poorly crystalline ferrihydrite (ferric oxyhydroxide) as the electron acceptor. Cells grown under these conditions biomineralize in tracellular grains of ferric hydroxide (at arrow) that are partially composed of magnetite and/or maghemite (γ -Fe 2 O 3 ) (Glasauer et al. 2002) . Image courtesy of Susan Glasauer. extruded inclusions reorient in response to reversals of the mag netic field while the protistan cell no longer shows a magnetic response. Although none of the magnetic protistan cells were ever observed engulfing magnetotactic bacteria, which are abun dant at the sites and clearly present in collected water samples, it is possible that these inclusions represent indigestable or par tially digestible material including magnetosomes from ingested bacteria in vacuoles. Structures resembling endosymbiotic mag netotactic bacteria were not observed.
The second possibility is that some protists biomineralize en dogenous magnetite grains. Many of the magnetically respon sive protists contain magnetite grains of consistent size (SD grains) and uniform morphology, possess a permanent magnetic dipole moment and clearly show a directional preference as in the magnetotactic bacteria; generally north-seeking in the Northern Hemisphere. In the case of a magnetically-responsive Euglenoid alga discovered in a lagoon in Brazil tentatively identified as Anisonema platysomum (Torres de Araujo et al. 1986 ), the or ganization of the tooth-shaped magnetosomes is elaborate and the magnetite grains are arranged as multiple, linear clusters of chains along the long axis of the cell ( Figure 5 ). Together, these findings suggest a biomineralization process in some protists that is more complicated than the simple consumption of mag netotactic bacteria. It is obviously possible that both situations can occur but in different types of protists.
Regardless of the origin of protistan magnetite, these organ isms contain a significant amount of intracellular iron and may play an important role in iron cycling in the aquatic habitats where they are found. Iron is well-recognized as a limiting fac tor in primary production in some oceanic areas and is often present in seawater in particulate and colloidal forms. Barbeau et al. (1996) showed that digestion of colloidal iron in the food vacuoles of protozoans during grazing of particulate and col loidal matter might generate more bioavailable iron for other species (e.g., phytoplankton). In coastal areas, protists that in gest magnetotactic bacteria might be important in iron cycling by solubilizing iron in magnetosomes while those that biomineral ize magnetite, like the magnetotactic bacteria, may tie up iron in the form of magnetosomes thereby making a significant amount of iron unavailable for organisms. If this is the case, then these organisms, also like the magnetotactic bacteria, might directly contribute to the magnetization of sediments.
Other Examples of Microbial Biomineralization of Magnetite or Magnetic Minerals That Might Include Magnetite
Recently, magnetite grain formation was reported to occur in aerobic, aqueous mixtures of potassium ferri cyanide/ferrocyanide containing cells of an aerobic bacterium, an Actinobacter species, which was a contaminant in the solu tions (Bharde et al. 2006) . After 24 h of incubation with cells of this organism, magnetite grains formed that were crystalline, roughly spherical, and ranged in size from about 1-40 nm. Af ter 48 h, uniform cubic grains were observed that had 50-150 nm edge lengths and were thought to result from assembly of the spherical particles. Two proteins produced by the bacterium were purified and appear to catalyze the same reaction without the presence of whole cells. Other bacterial strains were tested and magnetite did not form. Whether this finding has environ mental significance is unknown.
Several purple photosynthetic bacteria produce intracellular, "magnet-sensitive," electron-dense particles when cultured in growth media containing relatively high concentrations of iron (Vainshtein et al. 1997) . The inclusions are spherical and contain an electron-transparent core surrounded by an electron-dense matrix and can be separated from lysed cells. X-ray microanal ysis showed that the inclusions are Fe-rich but did not contain sulfur. Magnetite has not yet been identified as a component of these structures but given their magnetic properties and the lack of sulfur in them, it is possible.
The particles are arranged in a chain similar to magnetosomes and possibly surrounded by a membranous structure (Vain shtein et al. 1997) . Other non-photosynthetic members of both prokaryotic domains have been shown to produce similar parti cles (Vainshtein et al. 2002) . Cells with the particles displayed a "magnetic response" but were not necessarily magnetotactic. FIG. 5 . Upper, TEM a negatively-stained cell of a magnetotactic alga collected in Brazil tentatively identified as Anisonema platysomum (Torres de Araujo et al. 1986 ). Long chains of magnetite crystals traverse the cell along its long axis. Lower, high magnification electron micrograph of chains of tooth-shaped magnetite crystals within the cell.
This case of biomineralization appears to be intermediate be tween BIM and BCM in that cells appear to control some fea tures of these particles such as their arrangement in the cell.
THE SIGNIFICANCE OF MAGNETITE
There is likely no advantage to formation of magnetite by Fe(III)-reducing bacteria. But the specificity of the BCM pro cess suggests that magnetite formation is advantageous for mag netotactic bacteria. At present we can only speculate on some of the advantages, the most likely being that magnetotaxis al lows a bacterium to keep its heading as it swims in the face of the disorienting Brownian buffeting by the medium. This allows cells to make straight excursions, increasing the cell's chemo tactic efficiency. It also allows cells to sequentially access dif ferent chemical zones in a chemically stratified environment. Most magnetotactic bacteria are microaerophilic (Bazylinski and Frankel 2004) , but straight excursions, to higher concen trations of oxidant and reductant, just above and below the re doxcline, respectively, might increase the metabolic rate of the cells (Frankel et al. 2006) . However, cells can prevent long ex cursions, in which cells inadvertently move too far upwards, and the concentration of oxygen becomes inhibitory, or too far down wards, where hydrogen sulfide concentrations are prohibitively high, by reversing swimming direction without physically turn ing around (Frankel et al. 1997) . Like most free-swimming bac teria, magnetotactic bacteria propel themselves in their aqueous environment by rotating their helical flagella. Cells presumably reverse direction by reversing the direction of their flagellar mo tors (Frankel et al. 1997 ).
Yet, if knowing which way is up versus down increases a cell's efficiency at finding and maintaining an optimal position relative to the gradient, why then don't all bacteria inhabiting suboxic sediments have magnetic properties? Moreover, non magnetotactic mutants of some strains still form microaerobic bands of cells at the oxic-anoxic interface without the help of magnetosomes (D.A. Bazylinski unpublished). These observa tions suggest that there may be other reasons or benefits, perhaps physiological ones unrelated to magnetotaxis, for cells to expend a significant amount of energy taking up large amounts of iron and biomineralizing magnetosomes. Several of these benefits have been discussed in the past but none have been widely ac cepted. There is no evidence that magnetite is a storage product for iron, in fact, there is evidence that cells of magnetotactic bacteria cannot utilize the iron once precipitated as magnetite .
Interestingly, storing iron in the form of magnetite (without a protein matrix) would be extremely efficient in that it would conserve intracellular space as it is a compact, nonhydrated iron oxide. It is also relatively inert and nontoxic. Lastly magnetite, like other iron-containing compounds, reacts and destroys hy drogen peroxide (Blakemore 1982) and likely oxygen radicals produced during oxygen respiration. The lack of enzymes to de stroy these toxic products has been used as an explanation of why certain prokaryotes are microaerophiles (Krieg and Hoff man 1986) . There is no evidence, however, that magnetite in magnetosomes functions in this way in the cell.
Irrespective of why sedimentary magnetite is formed, the fact that it is associated with microbial activity has important impli cations for understanding the geochemical roles of microbes in ancient sediments. Indeed, understanding the origin of life and the evolutionary diversification of prokaryotes and single-celled eukaryotes has generally proved to be a difficult, if not impossi ble, task because of the lack of unequivocal, recognizable micro bial fossils (Armstrong and Brasier 2005) . Much of the material previously thought or believed by some to be fossilized microbes is subject to alternate interpretations. For example, microbiallike remains that supposedly represent cyanobacterial species from some of the oldest rocks on Earth, 3.5 billion year old cherts from western Australia (Schopf and Packer 1987; Schopf 1993) , have recently been the subject of intense debate (Brasier et al. 2002; Dalton 2002) .
However, if mineral grains produced though BIM or BCM are unique or unusual enough that they can be easily recognized and accepted as not being abiologically formed by geological or chemical processes alone, and persist over long periods of geo logic time, they might prove be excellent fossil evidence for the past presence of certain microbes. Certain types of magnetite crystals, like those produced through BCM by magnetotactic bacteria and possibly protists, might fit these criteria. For ex ample, it has been proposed that such magnetite may persist in deep-sea sediments, and thus contribute to the palaeomag netic record (e.g., Kirschvink and Chang 1984) and that mag netite grains with a specific elongated crystal morphology are biomarkers for the past presence of magnetotactic bacteria on ancient Mars (Thomas-Keprta 2000 Clemett et al. 2002) .
Despite the magnetite chains fragmenting upon lysis of the cell, their initial presence can be inferred by observing the morphological/chemical characteristics of magnetically separated fractions of sediment under an electron microscope, and also by using a magnetometer to measure the resistance to demagneti zation that distinguishes multidomain from SD magnetite grains (e.g., Petersen et al. 1986 ). Fossil magnetotactic bacteria may even extend as far back as the Precambrian, with magnetofos sils extracted from the 2.0 Gyr Gunflint Iron Formation possibly representing the oldest evidence of controlled biomineralization (Chang et al. 1989 ).
CONCLUDING COMMENTS
Microbes are involved in the biomineralization of many min erals. However, most of these minerals are produce by BIM processes, and only a few good examples of minerals biomin eralized by both BIM and BCM processes have been reported. Magnetite remains as the best characterized of these examples and it is interesting and important that magnetite produced by both processes can be formed almost side by side in certain en vironments. Taking into consideration the significance of micro bially produced magnetite in natural environments as discussed in this review, and the lack of information on the biochemical and chemical mechanisms in the BCM formation of magnetite in magnetotactic bacteria, it is likely that the biomineralization of magnetite by microbes will be studied for some time in the future.
